. However, the relationship of this sulfonium compound to methionine biosynthesis is less clear. In addition, the utilization of S-adenosylmethionine for metabolic reactions other than transmethylation has been demonstrated only in the biosynthesis of spermine (Tabor, Rosenthal, and Tabor, 1958) .
The function of S-adenosylmethionine as an important methyl donor has been clearly established in a variety of transmethylation reactions (Shapiro and Schlenk, 1960) . However, the relationship of this sulfonium compound to methionine biosynthesis is less clear. In addition, the utilization of S-adenosylmethionine for metabolic reactions other than transmethylation has been demonstrated only in the biosynthesis of spermine (Tabor, Rosenthal, and Tabor, 1958) .
The isolation of mutants of Aerobacter aerogenes that utilize S-adenosylmethionine for growth has been reported previously (Shapiro, 1956; Schlenk, Shapiro, and Parks, 1958) . To study the metabolic fate of S-adenosylmethionine, as well as the demethylated product, S-adenosylhomocysteine, the ability of these mutants and various other microorganisms to utilize these and related compounds for growth has been tested. This report describes the mutants in detail and summarizes the experiments dealing with the utilization of sulfonium compounds by other bacterial species.
MATERIALS AND METHODS illethods of culture. The following stock cultures were used: Escherichia coli K 12, A. aerogenes NRRL 8308, Lactobacillus arabinosus 17-5, Streptococcus faecalis R, and Leuconostoc mesenteroides P 60. Mutants were isolated from A.
aerogenes and E. coli as follows: A saline suspension of a 4-hr culture of cells was diluted to 107 cells per ml; 3 ml of this suspension were exposed to ultraviolet light from a 15-w germicidal lamp (General Electric) for 15 sec (50 ergs per sec/mm2), which killed 99.99% of the cells. After 18 hr of growth in "complete medium" at 35 C, the cells were centrifuged, washed, and resuspended in "minimal medium" containing a mixture of all of the amino acids except those containing sulfur, and a mixture of all the known vitamins. Penicillin at a concentration of 350 units/ml was added to this suspension. After incubation at 35 C -for 4 hr, the survivors were plated on complete medium. After 24 hr of incubation, the desired mutants were isolated by successive replica plating (Lederberg and Lederberg, 1952 ) in minimal medium, followed by minimal medium plus methionine, minimal plus S-adenosylmethionine, and minimal plus adenine. Of the mutants obtained, only those were saved that would grow on S-adenosylmethionine but not on adenine. 169 SHAPIRO The "complete" medium used in these experiments consisted of 0.5% tryptone (Difco), 0.5% yeast extract (Difco), and 0.5% glucose. The "minimal" medium had the following composition per liter: K2HPO4, 14 g; KH2PO4, 4 g; sodium citrate, 0.5 g; M\gSO4, 0.1 g; (NH4)2S04, 1.0 g; and glucose, 5.0 g. For the preparation of a "sulfur-free" medium, M\gSO4 and (NH4)2SO4
were replaced by equimolar amounts of MgC92 and NH4Cl, respectively.
The lactic acid bacteria were grown in the chemically defined medium of Henderson and Snell (1948) .
For growth assay purposes, the various cultures were grown for 24 hr in the complete medium. The cells were washed twice in 0.1 M phosphate (pH 6.8) and resuspended in 0.1 M phosphate buffer. An inoculum of 0.05 ml was added to each assay tube, which contained 10 ml of medium. After incubation at 37 C for 24 hr, growth was measured in a Coleman Universal Spectrophotometer at 650 m,.
Enzyme preparations. Cell-free extracts were prepared in a 10-kc Raytheon sonic oscillator. Protein content was determined by the method of Lowry et al. (1951) . Homocysteine-transmethylase activity was determined by the tracer method of Shapiro and Yphantis (1959) . The methods used to detect the enzymatic decomposition of S-adenosylmethionine have been described previously (Shapiro and Mather, 1958) .
Chemicals. All chemicals used were commercial products with the following exceptions: S-methylmethionine iodide was prepared by the method of Toennies and Kolk (1945) ; S-adenosylmethionine was isolated from Saccharomyces cerevisiae by the procedures of Schlenk, Dainko, and Stanford (1959) ; ribosylmethionine was prepared from S-adenosylmethionine ; and S-adenosylhomocysteine was prepared enzymatically from rat-liver homogenates by the method of Duerre (1961) . For use in bacteriological media, heat-labile compounds such as S-adenosylmethionine, homocysteine, S-methylmethionine, and ribosylmethionine were sterilized by filtration through 'Millipore filters.
RESULTS
Most of the mutants that were produced from A. aerogenes and E. coli were methionine mutants that do not utilize S-adenosylmethionine. No mutants that utilized S-adenosylmethionine for growth were obtained from E. coli. Among the methionine mutants of A. aerogenes, however, two cultures of mutants that grow on either S-adenosylmethionine or methionine were obtained. These cultures were indistinguishable in growth responses from each other and from a mutant that had been described previously (Shapiro, 1956) . One mutant was obtained that grows only on S-adenosylmethionine .
A summary of the growth responses of the three major tvpes of mutants is given in Table 1 . Culture 62 is typical of the most common type of methionine mutant, in that it is incapable of substituting S-adenosylmethionine for methionine. This is true of all methionine mutants that were tested, except for the one special class of A. aerogenes mutants exemplified by culture 68. This organism grows well on methionine, S-adenosylmethionine, 5'-methylthioadenosine, or a combination of S-methylmethionine and homocysteine. Homocysteine alone permits only one-third Since a-amino-y-butyrolactone has been shown to be the first enzymatic decomposition product of S-adenosylmethionine (Shapiro and Mather, 1958) , this compound was substituted for homoserine; it did not promote growth of these mutants.
The only effective substitute for S-adenosylmethionine in supporting growth of culture AM-1 is a mixture of adenine and ribosylmethionine. In Table 2 (Table 3 ). The wild type was included to demonstrate that during the time of the experiment the cells were depleted of sulfur reserves to the point where growth was negligible in the absence of an organic sulfur supplement. Cultures 62, 68, and the wild type also utilize methionine as a sole source of sulfur.
In a previous report (Shapiro, 1956) , it was shown that L. arabinosus is able to utilize a combination of L-homocysteine and S-methyl-Lmethionine in place of methionine. The growth responses of three lactic acid bacteria to various sulfonium compounds are shown in Table 4 . S. faecalis is unable to replace methionine with any of the listed compounds, whereas L. mesenteroides shows slight growth in the presence of S-adenosylmethionine and L-homocysteine but no reresponse to S-adenosylhomocysteine. On the other hand, L. arabinosus shows a good growth response to S-adenosylmethionine in place of methionine. L-Homocysteine stimulates the latter response quite markedly when used at a concentration of 0.5 A.M/ml. This growth response is somewhat analogous to the growth response shown when L-homocysteine and S-methylmethionine are added to the growth medium, although, as the data show, there is virtually no response to either compound alone. S-Adenosylhomocysteine supl)orts a small but definite growth response of L. arabinosus. The response is apparently not due to degradation of S-adenosylhomocysteine to homocysteine, for the mixture of S-adenosylmethionine and S-adenosylhomocysteine does not permit growth beyond that obtained with the same amount of S-adenosylmethionine alone. Cell-free extracts of L. arabinosus show no detectable activity in the degradation of S-adenosylhomocysteine, although these extracts show homocysteine-transmethylase activity.
Cell-free extracts of the mutants were also preI)ared, and all show good activity in the transmethylation of homocysteine (Table 5) . It may be seen that the homocysteine transmethylase activity of culture AM-1, with S-methylmethionine as the methyl donor, is twice that of any of the other extracts. With S-adenosylmethionine as the methyl donor, all extracts show similar activity. No other methyl donor has been found that replaces the two methionine sulfonium compounds. S-Adenosylhomocysteine is 
A. aerogenes 1.0 0.3 Culture 62 0.9 0.2 Culture 68 1.1 0.4 Culture AM-1 2.0 0.3 * The reaction mixtures contained 8 ,umoles L-homocysteine and 8 ,Amoles of the methyl donor per ml in 0.1 M phosphate (pH 6.4), and were incubated at 35 C. S-Methyl-(C14H3)-Lmethionine was used at a specific activity of 400,000 count/min for each,umole, and methionine was determined on the basis of a specific activity of 200,000 count/min for each ,umole. S-Adenosyl-(C'4H3)-L-methionine was used at a specific activity of 425,000 count/min for each ,umole; the resultant methionine had the same specific activity as the methyl donor. In all cases, the results were calculated after subtraction of the control values obtained without L-homccysteine.
totally inactive in replacing homocysteine as the methyl acceptor.
In all cases where S-adenosylmethionine is used as the methyl donor, considerable enzymatic destruction of the sulfonium compound occurs, in the presence or absence of homocysteine. A comparison was made of this enzymatic degradation (Table 6 ). Here again, extracts of culture AM-1 show approximately twice the activity of the other extracts, as measured by the amount of S-adenosylmethionine decomposed. The three reaction products, adenine, methylthioribose, and homoserine, account for the S-adenosylmethionine decomposed in all cases. The fourcarbon fragment is actually a-amino--y-butyrolactone (Shapiro and Mather, 1958) , which is rapidly and nonenzymatically converted to homoserine. All four extracts quantitatively decompose 9.0 ,umoles of 5'-methylthioadenosine to adenine and methylthioribose under the same conditions as those given in Table 6 .
Since adenine and S-ribosylmethionine support growth of culture AM-1 as well as S-adenosylmethionine, it seemed possible that the former two compounds are being used to synthesize 
DISCUSSION
It seems clear that the ability to satisfy the methionine requirement of various microorganisms with S-adenosylmethionine is uncommon. This is compatible with the fact that, among the various enzymatic products of the degradation of S-adenosylmethionine, methionine itself has not been detected. The only methionine mutants isolated in the present experiments that utilize S-adenosylmethionine for growth are exemplified by culture 68, which also utilizes 5'-methylthioadenosine. Cell-free extracts of this organism readily decompose S-adenosylmethionine to 5'-methylthioadenosine, although the latter compound does not accumulate in vitro since it is decomposed as rapidly as it is formed. In vivo, however, it is likely that 5'-methylthioadenosine is the compound which enables the organism to grow. The manner in which this compound enters the pathway of methionine biosynthesis is obscure, although it clearly does (since S-adenosylmethionine or 5'-methylthioadenosine may serve as a sole source of sulfur).
The methionine mutant no. 62, which can not utilize S-adenosylmethionine for growth, also contains the same enzymes that decompose S-adenosylmethionine to 5'-methylthioadenosine, but presumably the genetic block in methionine biosynthesis is beyond the point where the latter compound enters the pathway. This is also suggested by the inability of these cells to utilize S-adenosylmethionine or 5'-methylthioadenosine as the sole source of sulfur.
Mutant AM-1 serves to demonstrate that S-adenosylmethionine is required for metabolic purposes other than as a devious source of part of the methionine molecule, although the sulfonium compound may serve as the sole source of sulfur for the biosynthesis of methionine. This organism, apparently, has a genetic block that has nothing to do with methionine biosynthesis. The utilization of adenine and S-ribosylmethionine for growth suggests a new pathway for the biosynthesis of S-adenosylmethionine, but as yet this lacks experimental evidence.
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